PURE ASSOCIATING SUBSTANCES
Association has been used to explain anomalous behavior of many strongly polar substances. Lambert (11) used dimerization to obtain agreement between predicted values of second virial coefficients of polar substances as compared to nonpolar. In an enthalpy predicting procedure, it would be desirable to isolate the effect of association. The effect could then be added to the enthalpy deviations for equistructural nonpolar substances to give the total effect for the associated substance. Bondi and Simkin (3) have successfully applied this procedure to isolate the effect of hydrogen bonding on the heat of vaporization of substances containing -OH groups.
The isothermal enthalpy behavior of any substance can be calculated from its P-V-T properties which may be represented by the residual volume equation of state V= RT_" p (1) If orientational forces were not present in a polar molecule, its volumetric behavior would be represented very nearly by a hydrocarbon homomorph (a compound of similar molecular geometry-e.g., propane is a hydrocarbon homomorph of ethanol). The kinetic energy of the homomorph molecule would be nearly the same as the polar molecule with no orientational forces present at equal thermodynamic temperatures. The residual volume m Equation 1 could then be split into two parts:
The residual volume of the hydrocarbon homomorph. The contribution due to association, a assoc.
By an analysis similar to that of Pitzer and others (I 6, 17) 1 Work done at Purdue University, Lafayette, Ind.
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it is possible to show that the hydrocarbon portion of the residual volume may be split again into a,, the contribution of a "perfect fluid" comprised of spherically symmetrical molecules and a 8, the additional contribution due to the "acentric" forces between nonspherical molecules. Equation 1 then becomes RT V= p -(a,+ a, + °'assoc)
This equation of state can be used to calculate the isothermal effect of pressure on the enthalpy and integrated from zero pressure to any pressure P.
The first two terms in Equation 4 can be evaluated using the generalized correlation of Curl and Pitzer (4) since only the factors pertaining to molecular geometry are included in these terms. The temperature and pressure of the associating substances and the critical constants and vapor pressure of the hydrocarbon homomorph are used in this calculation.
The third term in Equation 4 may be evaluated by assuming association accounts for all orientational and association effects in the substance not accounted for by molecular geometry. Although several assumptions are made to evaluate t:.H assoc., this quantity is not a large contribution to (H* -H) in Equation 4 and the errors introduced by the assumptions are not as serious as might be expected.
The association may be represented by the reaction nA ~A, (5) Assuming that the mole fraction of the polymers, A., is much less than one, the association effect is obtained from the individual heats of reaction for the formation of each polymer from monomer units, t:.HAn, by the sum
" -2
The equilibrium constants for the various polymers formed in Equation 5 in terms of the fugacities are given by K,= T, !Ti" (7) (Although A + A. _ 1 A. is the path to trimers and higher polymers, the same expression is obtained for the equilibrium constant in Equation 7.) If the gaseous mixture of monomers and polymers is assumed an ideal solution and the ratio of the fugacity coefficients is approximately one, the mole fraction of each polymer is given by (8) (9) Over relatively short ranges of temperature, t:i.HAn may be assumed independent of temperature and Equation 9 integrated to give t!.HAn 
where (14) ( 1 5) Additional terms may be added to account for higher associa tion polymers. The parameters can be evalua ted from pure component enthalpy data of associating substances.
Application of Equations 4 and 13 for the prediction of the effect of pressure on the enthalpy of a pure associating substance will be limited to pressu res below 0.9 of the critical pressure in the vapor region . The pressure-enthalpy isotherms above the critical pressure and tempera ture become decreasing functions of pressure. This cannot be explained by the association model and the region above P, = 0.9 is not included in this treatment.
APPLICATION OF EQUATION 12
The effect of pressure on the enthalpy of associating substances can be predicted with literature values of the heats and entropies of formation. Such values have been obtained by W eltner and Pitzer (22) Similar calculations were made for ethanol using the heat and entropies of formation for dimers and tetramers obtained by Barrows. These calculated values are compared to the data ofStorvick and Smith (21) in Table I .
These predicted values are independent of the measured enthalpy values for methanol and ethanol. To improve the representation of the alcohol data, Equation 4 can be written was assumed to be one. Equation 13 best represented the alcohol data up to 0.9 P, when only the terms up to n = 3 were retained in Equation 12 .
Inspection ' ·of Equation 13 shows that as the pressure approaches zero, the slope of the t:,,H assoc. vs. pressure curve equals (3 (t, x,) . Therefore, the value of the heat and entropy of formation for the dimer should compare favorably with literature values obtained by other measurements. This is confirmed by the values listed in Table II. The calculated dimer constants for methanol from the data of McCracken and Smith did not compare favorably with the literature values. When the enthalpy data of Smith (20) and the low pressure P-V-T data of Foz Gazulla, Moricillo, and Mendez (7) were used to calculate the dimer constants, the results were in much better agreement with the literature values. Analysis of the McCracken and Smith data indicated points on the high temperature isotherms in the low pressure region were not obtained. Adjustment of the initial slopes of the high temperature isotherms would bring the values for the dimer constants into agreement with the literature and still do justice to the high pressure data.
Additional confirmation of the dimerization constants was obtained by evaluating the enthalpy deviations for 1-propanol from the P-V-T data of Ramsey and Young (18) . The constants obtained are also listed in Table II .
Interpretation of the constants -y (T, 1) as representing only the heat and entropy of formation for the various alcohols is risky . Equation 12 was terminated at n = 3 to give the best fit of the data. Any orientational effects llnd high order polymerization would affect the values obtained.
A general procedure for calculating t:,,H assoc. for various alcohols is suggested by the fact that the dimerization Ethanol (14) Description of Data Table III for each alcohol. Table IV gives the general magnitude of the entropy terms. The effect of temperature on the heat of formation of the dimer, has not been accounted for, as it was assumed constant in integrating Equation 9 . The range of temperatures over which the dimer constants were evaluated was sufficiently narrow to make the evaluation of this third-order effect impossible without more precise data. Finch and Lippencott (6) have evaluated the temperature dependence of t:,,HA2 from spectroscopic data. These data show a varia- tion of about 10% in f).HA2 per 100° F . temperature change at room temperature. The same procedure can be used to obtain the constant for the trimer and higher order terms. The values of f).8 A3 for the three alcohols are also listed in Table IV, based upon a value of f).HA3 = -20,800 B.t.u. per pound mole.
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The parameters listed in Table IV were used in Equations 4 and 12 to calculate the enthalpy deviations from ideality for each alcohol. The results are compared with experimental values in Table I . The average absolute error of 1 B.t .u. per pound for ethanol and 1-propanol is within the experimental error in obtaining the data. The larger error for methanol is due primarily to the poor representation of the 450° and 475° F . isotherms. Adjustment of these isotherms as discussed previously would improve this representation.
VAPOR PHASE ENTHALPY OF MIXTURES
The methods for predicting the thermodynamic properties of mixtures are based on two general procedures. In one, the pure component properties are evaluated and then combined according to a prescribed procedure. The other involves combining pure component parameters, such as the critical constants or constants in an equation of state, and using these in a procedure developed for pure components. Both methods have been successfully applied to hydrocarbon mixtures.
When a mixture contains a hydrocarbon and an associating substance, generalized procedures give unreliable results. The generalized correlation of Hougen and Watson (8) using the true mixture critical constants listed in Table V and the pseudo-critical constants obtained by Kay's method were used to predict the enthalpy deviations for the benzene-methanol data of McCracken and Smith (13) and Benzene-ethanol and n-pentane-ethanol data from Storvick and b Smith (21) .
Benzene-methanol data from McCracken and Smith (13) .
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the benzene-ethanol and n-pentane-ethanol data of Storvick and Smith (21) . The results are tabulated in Table VI . Although excellent agreement was obtained in a few instances, the general agreement is poor. No 'pattern was established to allow a prediction of which mixture, or mixture composition, would give good agreement. This was equally true for the predictions based on the true or the pseudo-critical constants.
In the previous section, the enthalpy deviation of pure associating substances was based on isolating the effect of association for the molecular geometry. An extension of this procedure to mixtures is possible, provided an adequate method is available to evaluate the geometric effect of a mixture of an associating substance and hydrocarbons. The total enthalpy would be obtained by adding the association effect to the geometric contribution for the mixture.
The geometric contribution to the mixture can be determined by combining the pure-component enthalpy deviations for the hydrocarbon and the hydrocarbon homomorph of the associating substance. Mayer (15) has shown that the second virial coefficient for a binary mixture is a second-degree polynomial in terms of the mole fraction of each component, Calculation of the enthalpy deviation from the virial equation of state for the mixture retaining only the second coefficients leads to the followfog expression for the mixture enthalpy deviation in terms of the pure component values: (16) Equation 16 can be evaluated for a mixture by calculating f).H1, the enthalpy deviation for the hydrocarbon homomorph of the associating substance and f).H2 for the hydrocarbon. The generalized correlation of Curl and Pitzer (4) was used for this calculation. The geometric mean,
(f).H1f).H2) 11 2, was employed to evaluate f).H, 2.
Adding the association effect, f).H assoc., to the geometric contribution gives the total deviation from ideality for the binary containing an associating substances and a hydrocarbon. This is expressed ilH ma = X~ ti.H, + 2X1X2 ti.H12 + Xi ti.H2 + ti.H assoc. (17) The value of f),.Hassoc. was obtained from Equation 12 . The quantity X1 in Equation 12 was taken as the mole fraction of the alcohol in the mixture. As in the case of the pure component data, this assumes the degree of polymerization to be small. Equation 17 was used to calculate the enthalpy deviations for the benzene-ethanol, n-pentane-ethanol and benzenemethanol mixtures. The heats and entropies of formation of the alcohol polymers given in Table IV were used in this calculation. The results are given in Table VI. The average error is less than 3 B.t.u. per pound for all mixtures of benzene-and n-pentane-ethanol and the results are generally more precise than the generalized correlations. The mixtures containing the higher percentages of alcohol are more reliably predicted, suggesting that the presence of a nonassociating substance tends to decrease the degree of association of the alcohol.
The benzene-methanol data are not as reliably predicted as the other mixtures . . Improved representation of the pure methanol data as discussed would be expected to improve these results.
The advantage of Equation 17 as a predicting procedure for mixtures containing an associating substance is that it requires no mixture properties. The necessary interaction parameter, f).H12, is calculated from the pure component data.
Alternative procedure may be used which adequately predict the geometric contribution to the nonpolar-polar mixture enthalpy deviations given by Equation 16 . This is due to the additive nature of the association effect as shown in Equation 17 .
CALCULATIONS
Sample. Calculate the enthalpy deviation from ideality for a mixture containing 75 mole % ethanol and 25 mole % n-pentane at 450° F. and 600 p.s.i.a. 
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The average molecular weight of the mixture is 52.59. 
